Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 195-2!

www.elsevier.com/locate/jphotochem

Characterization of water contribution to excimer
laser ablation of collagen

Katsunori Tsunodd Masaru Sugiurd Masashi Sonoyanta
Hirofumi Yajima?, Tadahiro Ishi**, Jiro Taniyam4, Hiroshi Itoh®

a Department of Applied Chemistry, Faculty of Science, Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan
b Department of Biotechnology, Tokyo University of Agriculture and Technology, Nakacho, Koganei, Tokyo 184-8588, Japan
¢ KOKEN Bioscience I nstitute, Ohkubo, Shinjuku-ku, Tokyo 169-0072, Japan

Received 6 March 2001; received in revised form 4 June 2001 ; accepted 10 July 2001

Abstract

In order to gain an obvious insight into the role of water in the mechanism of the excimer laser ablation of the cornea, we have
macroscopically investigated the ablation behavior of collagen gel in the swelled state by direct photoetching using an ArF excimer laser
with time-resolved photography, and furthermore, the thermal effects on the microscopic structures of the collagen molecules by FTIR-ATR
spectroscopy. The hydrated collagen film (HF) has a smaller threshold fluence than the dried collagen film (DF). From the time-resolved
photographs, the ejected materials were detected only for HF. It was predicted that the effect of bubble formation for HF contributes to
the etching. The FTIR—ATR spectroscopic results revealed that the existence of the water suppressed the denaturation of the collagen to
gelatin on the surface in the irradiated region. Overall, it was inferred that during the ablation process for HF, the laser energy would be
mostly consumed as the latent heat of evaporation of water, that is, the water in the gel matrix would contribute to the suppression of the
increment in the temperature in the irradiated region. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction formation model, have been proposed to interpret the ef-
fect of water in biological tissues during the excimer laser
Excimer laser ablation has recently attracted a great dealablation processes [4,7,8]. However, there is still not a
of attention for medical applications, in particular, corneal clear understanding due to the structural complexity of the
surgery. Photorefractive keratectomy (PRK), one of the tissue. In addition to this issue, the microscopic structural
corneal surgery methods using excimer lasers, is becom-changes have also not been explored. Hence, in order to
ing widespread [1-4]. This method includes etching of the gain an obvious insight into the role of water in the ablation
cornea to modify its refractive index. The cornea contains mechanism, focusing on collagen as the main component
about 70% water [1]. In a previous paper, we reported that of the cornea, we have macroscopically investigated the
the formation of a conical structure on the dried rabbit ablation behavior of collagen gel in the swelled states
cornea induced by excimer laser irradiation was observedby direct photoetching using an ArF excimer laser with
by a SEM technique, whereas for the hydrated cornea, atime-resolved photography. Moreover, the thermal effects
similar surface structure could not be observed [5]. Fur- on the microscopic structures of the collagen molecules at
thermore, we predicted that the thermal denaturation of the ablation site have been scrutinized using FTIR-ATR
collagen — gelatin was significantly responsible for the spectroscopy.
formation of the structure. It has been expected that water
in the polymer matrix is involved in the ablation mech-
anism of the polymers, such as biomaterials [6]. Various 2. Experimental
theoretical models, such as a thermal model and a bubble

2.1. Materials
* Corresponding author. Tel#88-3-3260-4272x2259; .
fax: +88-3-3235-2214. Collagen films were prepared by the cast method us-
E-mail address: taishii@ch.kagu.sut.ac.jp (T. Ishii). ing type | atelocollagen (KOKEN) extracted from calf skin.
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Their film thickness was about 70n. Gelatin was prepared  solution. The timing between the excimer laser®R¢AG

by denaturing the collagen. Gelatin films were prepared by laser, and the CCD camera was synchronized via a delay
casting a 2% aqueous gelatin at60followed by the evap-  generator (Stanford Research, DG535). The laser irradiation
oration of water. was carried out in air.

2.2. DSC experiments
3. Results and discussion

All thermal characterizations of the collagen were per-
formed using a Seiko Instruments DSC220C differential 3.1. Physical properties
scanning calorimeter (DSC). The temperature range chosen

in this study was from 25 to 25C. The normally used The denaturation temperatures for the DF and HF were

heating rate was 2€/min. 200 and 48C, respectively. The existence of water in the
collagen matrix is suggested to reduce the denaturation tem-

2.3. Laser irradiation system peratures corresponding to the melting of the triple helices

into a random structure. The thickness of the HF was greater

Laser irradiation was carried out using an excimer laser than five times that of the DF. The HF contained about
system, LEXTRAS50 (Lambda Physik) operated at 193 nm 90 wt.% water.
(ArF). The pulse duration was 17 ns in FWHM. The laser
beam was homogenized with a combination of cylindrical 32. AFM results
lenses and passed through an aperture to obtain a region
of uniform intensity. The laser irradiation was carried out  Fig. 1(a) and (b) shows the AFM images of the
under atmospheric conditions for the dried films and under non-irradiated surfaces for the DF and HF, respectively.
a relative humidity above 80% for the hydrated films. The The DF has no irregularities and no obvious damage such
dried and hydrated collagen films were designated DF andas scratches. The value of the mean roughrgsfér the

HF, respectively. DF was 40 nm, whereas th&, value for the HF increased
to 120 nm due to the swelling. Fig. 1(c) shows the AFM
2.4. Atomic force microscopy (AFM) measurements image of the DF irradiated at a fluence of 0.10 Jérwith

1 shot. A square hole was created on the surface. The etch-
The AFM used was a Nanoscope Il (Digital Instruments) ing depth was 160nm. A well-defined periodic structure
and operated in the contact mode under atmospheric condiwas created in the irradiated region. This periodic structure

tions for the DF and in water for the HF. was observed on specifically non-fused materials such as
polythiophene films [10]. Fig. 1(d) shows the AFM im-

2.5. FTIR-ATR spectroscopy and Fourier age of the HF irradiated at a fluence of 0.10 Jénmwith

self-deconvol ution method 1 shot. The size of the hole was bigger than that of the

original mask(30pm x 30um). The etching depth was

Infrared spectra were recorded using a Bio-Rad Digilab 950 nm. The periodic structure, which was observed on the
FTS-165 Fourier-transform infrared spectrometer and a cell jrradiated surface of the DF, was not observed on the irr-
with a Ge ATR prism crystal. Spectra of the films were adiated surface of the HF. This result suggested that the
collected at room temperature. The spectral resolution was|aser ablation of the HF did not mainly originate from the
4cm! and 256 scans were averaged for each spectrum.  |aser intensity profile of the irradiated region. Fig. 2 shows

The amide | band of collagen was Fourier self-deconvo- plots of the etching rate (etch depth/pulse) versus fluence
luted by the method developed by Kauppinen et al. [9]. for the DF and HF. The linear relationships were in good
The parameters for deconvolutidd,and 2r, were 1.5 and  agreement with the well-known relationship between the
16.2cnm?, respectively. Curve-fitting calculations were etching rate and the fluence based on Lambert-Beer’s law.
performed using the Spectra Calc program (Galactic, NH). The etching rate for the HF was about five times greater
The proportions of the secondary structures were esti- than that for the DF. This would result from the difference
mated from the decomposed components of the amide lin the absorption coefficients between the DF and HF. The

band. threshold fluences were ca. 30 mJ¢nfor the DF and ca.
20mJcnt? for the HF. The HF has a smaller threshold
2.6. Nanosecond time-resolved photography fluence than the DF. In general, the ablation threshold in-

creased with the decreasing absorption coefficient for the

Time-resolved photography was performed with a doped polymer or different wavelength. However, in spite
charge-coupled-device (CCD) camera (PCO Computer Op-of the decrease in the absorption coefficient for HF by
tics, SensiCam) [10]. Fluorescence of a methanol solution swelling, the ablation threshold decreased in comparison
of Rhodamine 101 was used as the flash lamp. The secondvith the DF. Therefore, this behavior suggested that the
harmonic of the N&":YAG laser was used to excite the ablation mechanism changed for the HF duo to the water
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Fig. 1. AFM images of the surface of non-irradiated (a) DF and (b) HF, and AFM images of (c) DF and (d) HF irradiated at G:A@thn. pulse.

in the gel matrix. The laser irradiation below the threshold Several researchers observed bubble formation in the region
of the DF could not generate sufficient bond scission for of the hydrated gel and tissue irradiated with the excimer

ablation, however, the local heat and pressure generated byaser and IR-laser [8,11,12]. They suggested that the ablation
the laser irradiation was sufficient for bubble formation. is brought about by the collapse of a bubble induced by the
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Fig. 2. Etching rates of DF{J) and HF (O) as a function of laser fluence.

boiled water or cavitation. It was predicted that the effect of
bubble formation for the HF contributes to the etching and
inferred that the irregularity of the surface structure for the
HF (see Fig. 1(d)) may be created by the collapse of bub-
bles generated by cavitation or the boiling of water in the
gel matrix.

3.3. Time-resolved photographic study

Fig. 3 shows time-resolved photographs of the laser irra-
diation for the DF at a fluence of 0.20Jck The shock
wave was observed from 50 ns tqu4 on the ablation site.
However, ejected materials were not observed in this time
period. The ejected materials would be too small due to
their decomposition to be detected by this method. Fig. 4
shows time-resolved photographs of the laser irradiation for
the HF at a fluence of 0.20 J cth As for the DF, the shock
wave was observed over the period from 50 ns {eslon
the ablation site. Moreover, a significant amount of ejected
material was observed in the photographs. The ejected ma-
terials were detected in the period of 300 ns to L6®n the
ablation site. The shape of the ejected materials was like a
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4. E tion for t i
0s 0.5mm g . 3 valuation for temperature rise

In order to confirm the temperature rise, the temperature
- . . , of the ablated surface was calculated. The temperature rise,
' - ' T(x), of the HF surface could be roughly estimated, based on
the assumption that the absorbed laser energy was converted

300ns lps J Sus entirely into heat and that the heat diffusion was much slower
than the laser pulse duration [14]:

> ’ - . . F

10us 50us 100us wherex is the position relative to the initial surface posi-
tion, aefr the effective absorption coefficier,the incident
laser fluenceT, the preirradiation sample temperature, and
p and C the density and the heat capacity, respectively.
The values ofp andC of an HF at room temperature were
_ _ _ _ 1.0gcnt3 and 3.9Jg1 K1 [15], respectivelyoes Of the
Fig. 3. Tlme-rgsqlved photographs of the DF a_t dlﬁerent time delays after HE was estimated to bed.x 10% cm—1 from Fig. 2.T(x) is
the laser irradiation at 0.20Jcrh The arrows indicate the shock wave . ) . .
front. the maximum possible temperature if the water in the HF
was superheated without evaporation. The calculaigyl
for the HF atF = 0.10Jcnt2 andx = 950 nm, which

. y . is the etching depth at 0.10Jcf) was ca. 108C. This
_mlushr:oom 3'093] t%t 1f(|pus TheTsr?ape(;)ftthle gjecteg mf%ltlet') temperature is significantly higher than the denaturation
rials changed wi € fluence. These detailed results wi etemperature of collagen gel, however, the temperature is

reported elsewhere. The main component of the ejected may, . the boiling point of water in a two-component sys-
terials was water, because the_HF conFamed about.90 Wt'%tem. Therefore, the cavitation of water would play a very
water. The presence of water in the ejected materials Wasimportant role in the laser ablation of the HF.

recognized by the color change of the water-coordinated

cobalt complex. This concept was supported by light scat- 3.5. FTIR-ATR spectroscopy

tering measurements. Hahn et al. [13] have reported that the

total volume of water in the ejected materials was in good
agreement with the water content in the ablated corneal tis-
sue. The presence of water in the HF would change the
decomposition mechanism and give rise to the ejecting of
measurable-sized particulates.

In order to investigate the thermal effects on the mi-
croscopic structures of the collagen molecules on the
ablation site, the degree of denaturation was scrutinized
using FTIR-ATR spectroscopy. Fig. 5(a) and (b) shows the
FTIR-ATR spectra for the collagen and gelatin films. These
spectra agree with the spectra in a previous report [16].
Fig. 6(a) and (b) shows the FTIR-ATR spectra of the amide
| bands of the DF and HF, respectively, after laser irradia-
tion at a fluence of 0.10Jcm with 1, 2, 3, and 5 shots.
For comparison, the FTIR-ATR spectra of the amide | band
of the collagen and gelatin are shown in both Fig. 6(a) and
(b). The peak shifted to a lower wavenumber with the laser
shots for the DF. This result indicated that the laser irradia-
tion caused denaturation of the collagen on the ablated site
and the degree of denaturation increased with the increasing
number of laser shots. However, this measurement could
be done up to 5 laser shots and then the IR spectra was not
measurable. This is because a large surface roughness pre-
vented the FTIR—ATR spectral measurements. On the other
hand, the peak shift for the HF was smaller than that for the
DF. Fig. 7(a) and (b) shows the Fourier self-deconvoluted
spectra of the amide | band of the collagen and gelatin, re-
spectively. Six peaks were well resolved for the collagen and

latin by resolution enhancement. Each of th mponen
Fig. 4. Time-resolved photographs of the HF at different time delays after gelat by esolution enhancement. Each of the component

the laser irradiation at 0.20Jcr The arrows indicate the shock wave bands Qf co_llagen resolved bY the Cl_"ve _flttlng IS aSS|gned
front. to the vibrational mode associated with different secondary
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Fig. 5. IR spectra of (a) collagen and (b) gelatin films.
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Fig. 7. Components of the amide | absorption band of (a) collagen and
(b) gelatin.

unlike collagen, the intensity of the peak at 1661 ¢rwas

to a helix-related hydrogen-bonded set of carbonyls [16] weaker than that at 1633 cth This result indicated that the

was stronger than that at 1633thassigned to disorder

denaturation decreased the@ group, which constitutes

[17], because the collagen molecule has a hydrogen-bondedhe peak of the hydrogen-bonded triple-helix structures, and
triple-helix structure. As for the gelatin, the assignment of increased the €0 group which is part of the disordered
the peaks was the same as that for the collagen. Howeverstructure. The ratio of the area of the peak at 1661t
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Fig. 6. Amide | absorption band of the IR spectra of (a) DF and (b) HF irradiated at 0.10%J cm
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100 ATR-FTIR. During the ablation process for HF, the laser
energy would be mostly consumed as the latent heat of evap-
< 80F oration of water, that is, the water in the gel matrix would
P O O contribute to the suppression of the increment in the tem-
2 0L O perature in the irradiated region. The collapse of a bubble
Qg induced by the boiled water or cavitation would be impor-
§ 40 L O tant part of the ablation of HF.
2/ 2F O
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Fig. 8. Plot of denaturation degree as a function of pulse number for the
DF () and HF Q) irradiated at 0.10 J crit.
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